Background Periprosthetic infection after total hip arthroplasty (THA) is a devastating complication. Reported rates of infection control range from 80% to 95% but mortality rates associated with treatment of infected THA are also substantial and we suspect underreported.
Introduction
THA achieves durable pain relief and restoration of function in most patients with various degenerative conditions of the hip. Data from Medicare, the Nationwide Inpatient Sample as well as a single-center joint arthroplasty database estimate the incidence of infection after primary THA to be less than 1% [11, 14, 24] . Although not common, it remains one of the most devastating complications of THA, requiring revision surgery, which poses increased risk to the patient [17, 30, 37] as well increased resource use and institutional cost [12, 14] . Despite the increased cost and resource use, rates of successful control of infection may still range as low as 79% [17] (Table 1) .
Although various treatment options exist for infected THA, a two-stage protocol with insertion of some type of antibiotic spacer is widely reported [2, 4-6, 9, 10, 13, 16, 17, 19, 23, 25, 27, 28, 30-33, 35, 36] . Synthetic models have favored a direct exchange approach [34] ; however, pooled clinical data have demonstrated the superiority of the two-stage protocol over a period of decades [7, 15] . A staged protocol has been applied with control of infection in the setting of massive bone loss [16] , resistant organisms [17] , and when used with oral [3] and abbreviated courses of intravenous antibiotics [33] . The use of high-dose antibiotic-laden cement spacers for the first-stage operation has yielded infection control rates superior to those with resection arthroplasty alone [2] ; although this has not been a uniformly consistent finding [26, 30] , it is the most commonly reported approach. Varying types of high-dose antibiotic cement spacers have been studied, including beads [5] , hydroxyapatite blocks [29] , and, most commonly, some form of articulating spacer [4, 6, 9, 10, 16, 17, 25, 27, 33, 35] . Comparison of static versus articulating spacers for treatment of infected THA has not been reported.
Reports of infection control and clinical success overshadow less emphasized, but also important, reports of treatment failure and mortality. This highlights the inconsistency of data reporting. For example, Toulson et al. [30] report a 95% rate of infection control, but 5.7% of THAs never underwent the second-stage operation or reimplantation, 25.8% of the patients died before minimum 2-year followup, and 6% of patients were lost. Additionally, Leung et al. [17] note a 79% rate of infection control and a 24% mortality rate associated with the treatment of resistant organisms, including three deaths (6%) before undergoing the second stage and nine (18%) at an average of 4 years after the second-stage operation. To report control of infection in 95% [30] or 79% [17] of patients undergoing treatment when 25.8% and 24%, respectively, die within the study period does not provide the basis for counseling patients regarding treatment outcomes when an infection is discovered nor does it accurately inform surgeon expectation. Death before completing the minimum followup interval as a means of exclusion from the final analysis in reporting two-stage revision outcomes should be reconsidered. Based on the data reported in the current study, the authors believe mortality rates after two-stage revision are underreported, or at least deemphasized, and that understanding the risk of mortality after staged revision for infection will shape both patient and surgeon behavior and expectations.
In patients for whom two-stage treatment of infected THA was selected, we therefore determined (1) the mortality rate; (2) rate of reimplantation; and (3) rate of reinfection. We then determined (4) differences in infection control between resistant and susceptible organisms; and (5) between static and articulating spacers.
Patients and Methods
From our practice registry of 8725 hip arthroplasty procedures performed between 1996 and 2009, we identified 202 patients with 205 infected primary and revision hip arthroplasties treated with a two-stage protocol. The indications for two-stage exchange were: (1) elevated erythrocyte sedimentation rate (ESR) and/or C-reactive protein (CRP) with a culture-positive hip aspiration; (2) The infected arthroplasty treated with the two-stage protocol and an antibiotic spacer was a primary THA in 94 cases (46%), hemiarthroplasty in seven (3%), and revision THA in 90 hips (44%). In 11 hips, the immediately preceding surgery was two-stage treatment of infected THA (5%). There were two cases of infected resurfacing and one unknown previous status (primary versus revision).
After diagnosis of THA infection (Table 1) and medical clearance, patients underwent the first of two stages. The débridement stage involved removal of all implants, hardware, cement, or other foreign bodies from the hip. We performed a complete sharp synovectomy and excision of all nonviable tissue (including bone and soft tissue). The acetabulum and femur were then prepared for implant insertion using standard instrumentation. Copious irrigation with an average of 9 L of fluid was performed.
In 62 hips (30%), we used a nonarticulating spacer ( Fig. 1 ). In these cases, after débridement, one to three units of high-dose antibiotic-laden cement were placed into the acetabulum and proximal femur. In 143 hips (70%), an articulating spacer was created and inserted after débridement. Over the timeframe of the study, the articulating spacers differed from hand-molded hemiarthroplasty, to pseudoimplant spacers, to intraoperatively created spacers using prefabricated molds with endoskeleton implants ( Fig. 2A-C) . Throughout the study period, the high-dose antibiotic concentration remained constant with 3.0 g vancomycin and 3.6 g tobramycin or gentamicin per unit of cement. Depending on the bone loss and deformity, we used between two and four units of cement in each case.
All patients were maintained on intravenous culturespecific antibiotics for a minimum of 6 weeks under the direction of an infectious disease specialist. Routine weekly surveillance of ESR and CRP was performed.
Patients were asked to be toe-touch weightbearing with the use of an assistive device during the intervening treatment.
Patients underwent second-stage reimplantation if their ESR and CRP were trending downward; normal values were not required; if the wound was well healed; and the minimum 6 weeks of antibiotic therapy was completed. No specific laboratory values or antibiotic holiday were used for determining the timing or performance of the second stage. On reimplantation, we removed all spacer or spacer material and the entire wound was redébrided. Routine revision-type reconstruction was performed. All patients received noncemented components at the time of reimplantation.
Patients were seen in followup by the treating physician or a Physician Assistant 3 weeks postoperatively for evaluation of the wound and for staple removal. They were evaluated again 6 weeks postoperatively at which point the wound was again evaluated for the presence of drainage and radiographs were obtained, including an AP pelvis, frog lateral, and femoral views to include the entire stem. If patients were doing well, followup was performed on an as-needed basis and yearly. If there was concern, followup at more appropriate frequent intervals was performed. After the second stage, the infectious disease consultant remained involved following intraoperative cultures, which included five tissue samples and one synovial fluid sample to final status. If cultures were positive, organism-specific antibiotics were reinitiated. Perioperative antibiotics were administered per routine for revision THA, including a first-generation cephalosporin and gentamicin before incision and postoperatively for 48 hours. Harris hip scores (HHS) [8] were obtained on all patients, prestage 1, poststage 2 at 6 weeks, and yearly. At the time of this review, the Social Security Death Index was queried for all patients not seen within the prior 6 months to determine mortality if the patient was not known to have died. Control of infection, for this study, was defined as no further surgery on the index hip for infection. Continuation of antibiotics for chronic suppression was not known. All medications, treatments, and devices used have been approved by the US Food and Drug Administration.
The mortality rate, rate of reimplantation, and rate of reinfection were calculated as a percentage of the total available hips. Differences in infection control between resistant and susceptible organisms and between static and articulating spacers were analyzed using Fisher's exact test. Post hoc power analysis was performed and a power of 80% to detect a difference of 5% in rate of infection control at p = 0.05 was noted with the numbers analyzed.
Results
Fourteen patients (7%; 14 hips) died before the secondstage reimplantation procedure. The 90-day mortality rate after the first-stage débridement was 4% (eight patients) with seven patients (3%) who died before reimplantation and one patient (0.5%) who died after the second stage. Overall, 91 patients (48%; 93 hips) died during the study period. Of the initial 202 patients, 186 (189 hips; 92%) underwent the second stage of treatment with reimplantation. Fourteen patients died and two patients were not considered candidates for a second stage based on medical comorbidities.
Of the 186 patients (189 hips) who underwent the second-stage reimplantation, 157 were free from infection at an average of 53 months followup. Thus, there was an 83% success rate for control of infection. If mortality is included in the failure rate, the success of two-stage reimplantation to provide control of infection is 76%.
When examining the virulence of the infecting organism, 37 hips (18%) were infected with antibiotic-resistant strains. The ability to control infection (Table 1) was lowest in the resistant organism infections (62%) when compared with sensitive staphylococcal (86%), streptococcal (82%), polymicrobial (84%), pseudomonas (100%), and culture-negative infections (91%). Infections with resistant organisms were significantly less likely to be controlled (p = 0.0012).
With the numbers available, there were no differences in any variable examined between hips treated with static (62 hips) or articulating (143 hips) spacers. The use of articulating spacers increased during the study period (Fig. 3) . The 90-day mortality rate was similar (p = 0.27): 4% and 5%, respectively. Static spacers and articulating spacers were also associated with similar rates of patients not (C) Current technology for articulating spacers is shown, which involves intraoperatively created antibiotic-laden spacers using prefabricated molds with endoskeleton implants.
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Antibiotic-laden Spacers for Infected THA 513 reimplanted as a result of death or morbidity: seven hips (11%) versus nine hips (6%), respectively. In hips that underwent a second stage, we found similar rates (p = 0.16) of recurrence of infection: 17% of articulating and 16% of static spacers had recurrence of infection. The clinical outcome as measured by HHS was similar (p = 0.054) but low in both groups with articulating spacers averaging 65 and static spacers averaging 63.
Discussion
THA achieves durable pain relief and restoration of function in most patients with various degenerative conditions of the hip, but infection does occur in a small percentage of these patients and remains one of the most devastating complications of THA. Treatment of infection poses increased risk to the patient [17, 30, 37] as well as increased resource use and institutional cost [12, 14] , but rates of infection control may still range below 80% [17] . Two-stage treatment of infected THA with high-dose antibiotic-laden cement spacers before reimplantation is commonly performed with infection control rates consistently better than 80% ( Table 2) , but the morbidity associated with this treatment is deemphasized in the reporting of these excellent clinical outcomes [17, 30] . The purpose of this study therefore was to report the rate of infection control for two-stage treatment of infected TKA in terms of (1) mortality; (2) successful reimplantation; and (3) rate of reinfection. Differences in success between resistant and susceptible organisms and static and articulating spacers are also reported. We caution readers of the limitations of our study. First patients were not recalled for examination, only phone survey for the purposes of study followup, and the data were collected from our prospectively collected database; therefore, the current status of all patients in terms of implant fixation and function cannot be definitively stated. However, we do report 90-day mortality separately from overall mortality rate, which is informative regarding death occurring in the early perioperative period that is more likely to be associated with the morbidity of the procedures. Second, there is not a comparison group; therefore, our study does not provide information regarding mortality rates of the two-stage procedure relative to an alternative treatment such as single-stage revision, and mortality rates should be interpreted as a result of treating this patient population and not necessarily as a result of the treatment. Third, during the timeframe of the study, the authors did not have exact criteria for proceeding with the second stage or determining control of the infection. We describe our protocol and the resultant outcomes only. Lastly, we do attempt to stratify mortality risk or control of infection according to patient comorbidities and there may be important variables not examined that are related to both. These shortcomings aside, the current report represents the largest in the literature regarding two-stage treatment of infection.
We noted high perioperative mortality. In patients who underwent the second-stage procedure, there was an 83% rate of infection control at an average of 53 months followup. This rate of infection control is on par with similar series reported in the literature ( Table 2 ). Mortality associated with the two-stage treatment of periprosthetic hip infection appears to be high both in the perioperative period but also within the followup interval. Toulson et al. [30] reported a 25.8% rate of death before 2-year followup in their series of two-stage treatment. In the treatment of resistant organisms, a 24% mortality rate has also been reported [17] . In the current series, 45% of patients had died at an average of 4.7 years after treatment. A slightly higher mortality rate of 50% was noted in those patients who had recurrent infection. A total of 14 patients (15 hips; 7%) died within 90 days of the first stage with seven patients (4%) dying after the first stage of treatment and before undergoing reimplantation.
We believe success of a two-stage treatment should include not only control of infection, but also consider those patients who did not undergo successful second-stage reimplantation as failures. Control of the infection is not achieved if death occurs before the second-stage operation and therefore death should not be considered a success in the rate of infection control. Many times authors only include those patients in whom the second stage was completed in their analysis of success. Thus, undergoing the second stage may be an important outcome measure in reporting of results. Lim et al. [19] reported that 92% of their cases underwent reimplantation with 8% requiring permanent resection as a result of continued sepsis. Eightytwo of 87 hips treated in another series were reimplanted for a rate of 94.3% [30] . Similarly, 92% of hips in the current series underwent a second stage with the aforementioned 14 patients (15 hips) dying and two additional patients unfit medically for reimplantation. Once death and the rate of successful second stage are considered, only then can a true rate of infection control for a treatment strategy be calculated. Toulson et al. [30] report an infection control rate of 95%, yet only 94.5% of hips underwent a second-stage reimplantation. Perhaps a more appropriate success rate in their series would be 78 of 82 patients, or a 90% true control rate with a two-stage protocol. Sanchez-Sotelo et al. [26] , in a midterm to longterm series, appear to only report on their patients who underwent successful second-stage reimplantation but offer little information about patients who might not have undergone the second stage. In their series, the rate of infection control was 87.5% but mechanical failure of the second-stage reconstruction dropped their implant survivorship to 75.2%. We observed an 83% rate of infection control in patients successfully reconstructed, but this survival rate drops to 76% if mortality during the perioperative period is included.
With few exceptions, the ability to control highly virulent organisms or resistant strains is compromised compared with sensitive strains [17] . We noted the highest failure rate in resistant strains with an infection control rate of 62%. This is compared with 86% and 82% success for treatment of sensitive staphylococcal and streptococcal strains, respectively. Lim et al. [19] noted this higher failure with all of their failed procedures falling into the resistant group (33% failure). Although most series have supported the notion that resistant strains have a higher failure rate, all 21 resistant infections in the series of Toulson et al. [30] were controlled at 2 years.
Although our belief was that the use of an articulating spacer would result in better outcomes, no differences in the use of these devices were observed. Neither control of infection nor final hip score was different. We noted average HHS of 65 and 63 with articulating and static, respectively. This is remarkably similar to the results of Scharfenberger et al. [27] and their report of the use of a PROSTALAC implant (DePuy Orthopaedics, Inc, Warsaw, IN, USA) during the first stage in which their average HHS was 62. Clearly, the final results of the two-stage treatment of periprosthetic hip infection are severely compromised compared with primary THA and revision THA regardless of the use of an articulating spacer. Whether the second stage is made simpler with the use of an articulating spacer deserves further study.
Periprosthetic infection is a devastating and complicated problem after THA. We highlight the substantial mortality also associated with this treatment strategy despite reimplantation rates and control of infection rates similar to those reported in the literature. Infection with highly virulent resistant organisms was controlled less frequently than sensitive strains and no particular advantage was noted with use of articulating versus static spacers. Along with the technical aspects of débridement and spacer creation, surgeons need to be familiar with these high rates of death. Perhaps better perioperative optimization of nutrition, smoking, and overall health status can lead to fewer deaths and better infection control rates.
